Hybrid pulse width modulation schemes are widely used in high-power traction converters with a limited switching frequency. During the transition between modulation modes, sudden changes in the voltage harmonics cause the induction motor to enter a transient process, and ultimately lead to torque impacts, current shocks and other adverse effects. To improve the existing solution for such effects, theoretical support is provided in this paper by using an equivalent circuit model and a dynamic model of an induction motor, and a specific implementation scheme for a smooth transition is given considering the third-harmonic frequency component that appears in the phase voltage during the transition. The feasibility and correctness of the scheme are proven by a simulation and an experiment.
I. INTRODUCTION
The rail transit industry has always been aiming toward higher speed, higher stability and higher efficiency, and for this reason the insulated gate bipolar transistor (IGBT)-based induction motor (IM) propulsion system still dominates [1] . Since the adoption of ac drive systems in the 1990s, IMs have been widely used in traction drive systems with the continuous improvement of vector control strategies [2] . In recent years, various types of motors for railway traction (as listed in Table 1 ) have been replacing IMs in newer rail vehicles. By comprehensively considering the aspects and parameters of the motors, the IM, with its excellent performance in terms of speed, reliability, controllability and cost, will remain one of the main choices for the traction motor in a traction propulsion system [3] .
In addition, the emergence of advanced technology processes and device concepts has enabled power semiconductor devices to greatly reduce the switching loss of IGBTs [4] . Wide-bandgap semiconductor devices, such as silicon carbide (SiC), are considered to be indispensable power devices for next-generation power converters [5] . Considering the The associate editor coordinating the review of this manuscript and approving it for publication was Gerard-Andre Capolino.
cost and power level of SiC, however, Si devices will still be a major component of converters in traction propulsion systems [6] . Consequently, traction propulsion systems must operate at low switching frequencies to overcome the high heat and inefficiency of high-power Si devices [7] , which makes it difficult for a traction propulsion system to choose the pulse width modulation (PWM) mode [8] . If a single modulation strategy is adopted, as the fundamental frequency of the motor increases, a large amount of heat will be generated due to the increase in the switching frequency (in synchronous PWM with constant a carrier frequency ratio) or a large number of low-frequency current harmonic components will be generated due to the reduction of the carrier frequency ratio (in asynchronous PWM with constant a switching frequency). Several hybrid pulse width modulation schemes have been proposed to solve this problem [9] - [11] .
A hybrid PWM scheme consists of different types of PWM strategies, where a synchronous PWM strategy is commonly used in low-frequency regions to reduce the total harmonic distortion (THD) of the voltage and improve the system dynamic response, and a square wave is adopted in highfrequency regions to improve the dc voltage utilization and achieve good torque characteristics. Table 2 contrasts four PWM modes used for the transition in the medium-frequency TABLE 1. Comparison of the traction motors (adapted from [1] ). region. With the improvement of microprocessor chips, optimal synchronous modulation schemes, such as selected harmonic elimination PWM (SHEPWM) and current harmonic minimum PWM (CHMPWM), can deliver an acceptable performance with a low switching frequency and are widely used in traction propulsion systems [18] - [22] .
Unlike the optimization results of CHMPWM, SHEPWM is designed to eliminate selected harmonics precisely [22] , which will lead to sudden changes in the voltage harmonic components when transitioning between different PWM modes in the hybrid PWM scheme. A sudden change will cause current shocks and torque impacts and ultimately lead to overcurrent faults and train bumps. A simple method was proposed in [10] to ensure a smooth transition between space vector PWM (SVPWM) and SHEPWM, but the method lacked universality. A transition strategy between SVPWM and basic bus clamping PWM was introduced in [9] , but the current and torque shock mechanism was unclear. A discussion on a smooth transition for SHEPWM and CHMPWM was presented in [6] without fully developed theories. More specific solutions in practical engineering scenarios were given in [23] - [25] but lacked theoretical support.
To solve this problem, this paper considers a common hybrid PWM scheme (asynchronous SPWM + synchronous SPWM + optimized synchronous modulation SHEPWM + square wave modulation) as an example and proposes a basic principle for a smooth transition between different modulation modes. The scheme is experimentally proven to be applicable in the full speed range.
The main contribution of this paper is a theoretical analysis of the current shock and torque impact when transitioning between different PWM modes and a corresponding smooth transition method. Section II presents the selected hybrid PWM scheme and summarizes the laws governing the variation in the harmonics during the transition. Section III analyzes the mechanism of generating the current shock and torque impact by using an equivalent circuit model and a dynamic model of an induction motor. The specific methods to realize the smooth transition are given in Section IV. Section V presents simulation and experimental results to confirm the correctness and feasibility of the strategy.
II. HARMONIC CHARACTERISTICS
To achieve a smooth transition among the PWM modes in the full speed range, first, it is necessary to identify the law governing the variation in the voltage harmonics when transitioning between two different kinds of PWM algorithms. In this section, the distribution characteristics of the voltage harmonics in different modulation modes are analyzed, while the principles and implementations of each PWM algorithm are omitted and can be found in [26] .
A. HYBRID PWM SCHEME
This part introduces a reliable hybrid PWM scheme that has been successfully applied to a hybrid electric locomotive in China [6] . This scheme adopts constant-switching-frequency sinusoidal PWM (SPWM) in the low-speed region, or uses space vector PWM (SVPWM), which can be replaced by one-fourth third-harmonic injection PWM (THIPWM) for an easy implementation in field-programmable gate arrays (FPGAs) [27] . Then synchronous 15-THIPWM is applied to transition to 9-SHEPWM, where the maximum switching frequency is limited to 630 Hz. As the switching frequency increases, 7-SHEPWM, 5-SHEPWM, and 3-SHEPWM are sequentially applied, and finally the square wave is applied.
In addition to the limited switching frequency of the IBGTs, the modulation index also influences the effect range of each PWM. Therefore, the fundamental frequency f and modulation index m should both be considered to determine the range of different PWM modes, as shown in Fig. 1 , where the colorful dashed lines are boundaries of the ranges of different PWM modes. The black solid line represents the variations in the switching frequency versus the fundamental frequency f .
B. HARMONIC CHARACTERISTICS OF SPWM
The harmonic characteristics of SPWM are quite similar to those of THIPWM [27] , and the latter has proven to be a substitute for conventional SVPWM due to the approximate THD [6] . Therefore, the harmonic analysis method of SPWM is also applicable to THIPWM and SVPWM.
In asynchronous SPWM, the position and width of the pulses generated by a comparison of the carrier and the modulation wave change with the motor frequency, which makes the voltage harmonic characteristics unknowable, since the phase between the modulation wave and the carrier is uncertain [28] . Considering that the main aim is to determine the laws governing the variation in the voltage harmonics, it is unnecessary to calculate the amplitude and phase of voltage harmonics in asynchronous SPWM when the harmonics do not change substantially during the transition. In addition, the smooth transition is easy to achieve by setting the motor frequency at the transition point equal to the quotient of the asynchronous switching frequency and the carrier ratio (500/15=33 Hz).The case is different when transitioning between synchronous SPWM and SHEPWM, the sudden change in the switching frequency causes the harmonic characteristics change substantially. Therefore, the amplitude and phase of the voltage harmonics in synchronous SPWM must be obtained.
In synchronous SPWM, the carrier and the fundamental wave change synchronously, and the phase difference between the two is unchanged in every fundamental period. Therefore, the amplitude and phase of the harmonics for all frequencies and modulation indices can be derived by analyzing the harmonic characteristics in any one fundamental period. Fig. 2 shows synchronous 15-SPWM when the phase difference between the fundamental wave and the carrier wave is η.
For the phase voltage shown in Fig. 2 , its time-domain representation can be expressed by a Fourier series as [8] : where k is the order of the harmonic. According to the symmetry shown in Fig. 3 , the notch angles satisfy the following expression:
By combining (1) and (2), the amplitude and phase of the harmonics in synchronous PWM mode can be derived. When k is even, a k = b k = 0, which means that the phase voltage does not contain even harmonics and a dc offset. When k is odd, (1) can be rewritten as
where ϕ k is the kth-order voltage harmonic phase angle. According to (3) , the relationship between the amplitude and phase angle of the harmonic with the carrier phase angle η can be deduced, as shown in Fig. 3 . In the figure, the modulation index is equal to 0.5 and only the harmonics with larger amplitudes are shown. Obviously, when the carrier shift angle η changes, the amplitude of the harmonic does not change at all, whereas the phase angle of the harmonic changes regularly. Thus, when the PWM strategy is switched between SHEPWM and synchronous SPWM, the variations in the harmonic phase angle depend on the change of carrier shift angle η.
C. HARMONIC CHARACTERISTICS OF SHEPWM
The phase voltage waveform generated in SHEPWM has half-wave and quarter-wave symmetry as shown in Fig. 4 . The phase voltage can be expressed by a Fourier series as Since there is no cosine component in (4), the initial phase angle of the voltage harmonic is equal to 0 • or 180 • , depending on the positive and negative values of a k . With a group of switching angles calculated offline, the variation in the voltage harmonic amplitude in SHEPWM with increasing modulation index is shown in Fig. 5 .
D. SQUARE WAVE MODULATION
Square-wave modulation is also known as single-pulse modulation. In this modulation mode, the output voltage is not adjustable, and the amplitude and phase of the fundamental wave and harmonic are fixed. To achieve a smooth transition between 3-SHEPWM and square-wave modulation, it is necessary to ensure that the modulation index at the transition point is close to 1. In this case, the value of the notch angle in 3-SHEPWM approaches zero so that the amplitude and phase of the fundamental wave and the harmonics are continuous.
E. SUMMARY OF THE VARIATION LAWS
The laws governing the variation in the voltage harmonics between different PWM modes are summarized as follows:
1) When asynchronous SPWM and synchronous SPWM are switched at a specified modulation frequency or 3-SHEPWM and square-wave modulation are switched at a specified modulation index, the amplitude and phase of the voltage harmonics do not undergo changes in either case. 2) When transitioning between synchronous SPWM and 9-SHEPWM, the variations in the amplitude of the 13 th -, 17 th -, 29 th -, and 31 st -order voltage harmonics are only related to the modulation index at the transition point, while the variations in the phase are related to both the fundamental phase and the carrier shift angle η at the transition point. Since the magnitude of the currents generated by high-order subharmonics is small and can be ignored, the 11 th -order harmonic component, which is quite small in synchronous SPWM but very high in 9-SHEPWM, is the most noteworthy part. 3) When transitioning between different SHEPWMs, since the expressions of the voltage harmonics in different SHEPWMs are the same as those shown in (4), the components of the variation in the of kth-order voltage harmonic U k can be deduced as
where ω s is the synchronous angular frequency of the induction motor, k is the difference between the kth-order harmonic amplitudes before and after the transition, and θ is the phase angle of the phase voltage fundamental wave at the transition point. This expression can also be applied to the variation in the harmonic during the transition between synchronous SPWM and 9-SHEPWM. In this case, k is equal to 11.
III. CURRENT AND TORQUE SHOCK PRINCIPLE
A T-shape equivalent circuit of the induction motor is used to calculate the full current response expression for sine-wave voltage excitation sources as shown in (5) , and the principle of the torque impact is analyzed using the dynamic model of the induction motor. Fig. 6 shows the T-shape equivalent circuit of the induction motor, which has a high calculation accuracy in many conditions [29] . Based on Fig. 6 , the expression of the stator phase current can be obtained: . T-model equivalent circuit. U 1 is the input phase voltage, R 1 is the stator resistance, X 1σ is the stator leakage reactance, R 2 is the rotor resistance with respect to the stator, X 2σ is the rotor leakage reactance with respect to the stator, X m is the magnetizing reactance, R m is the magnetizing resistance, s k is the rotor slip in the kth-order equivalent circuit.
A. EQUIVALENT CIRCUIT OF THE INDUCTION MOTOR
I 1 =U 1 Z 1σ + Z m Z 2 Z m +Z 2 .(6)
FIGURE 7.
Variation in the impedance angle of the kth-order equivalent circuit versus the motor frequency. The motor slip is equal to 0.06 (under the idling condition). Since the motor slip has little effect on the impedance phase when k ≥5, the curves showing the variations versus the motor slip are omitted.
and
where j is the imaginary unit, and + and − indicate the positive and negative rotation directions of the voltage vector. The above equations indicate that the parameters of the equivalent circuit are different for different harmonic orders. Hence, the total current expression should be obtained by accumulating the current harmonics generated in each corresponding equivalent circuit according to Fourier analysis and the superposition theorem. First, the magnitudes and phases of the impedance of different-order equivalent circuits should be calculated by using the actual parameters of the IM, as shown in Fig. 7 . The impedance phases of different-order equivalent circuits are all close to 90 • when k ≥ 5 and f ≥ 33 Hz. Under these conditions, even considering the drift of the values of the resistors caused by temperature, the impedance phase of the circuit hardly changes, and the motor always exhibits inductance characteristics. The magnitudes of the equivalent circuit impedance also satisfy the following expression [29] :
where m, and l are the harmonic orders and are greater than or equal to 5 and Z is the magnitude of the impedance. Therefore, when calculating the total current expression, attention should be paid to the current response caused by the low-order voltage harmonics. During the transition between two PWM modes, the slip and frequency of the motor vary little, so the induction motor can be simplified as a series of first-order RL circuits according to the Thevenin theorems.
B. CAUSES OF THE CURRENT SHOCK
As discussed above, the full current response expression can be written as a sum of zero-state responses and zero-input responses for the series of sine-wave voltage excitation sources shown in (5):
where R k and L k are the equivalent resistance and inductance in the first-order circuit of the kth-order harmonic, respectively, I k0 is the kth-order current harmonic component of the previous PWM mode at the transition point, and arctg is the arctangent function. The total current during the transition process consists of two parts: the transient component whose amplitude is related to the position of the transition point, and the steady component, which will definitely exist due to the amplitude difference k . Since the time constant of the equivalent circuit of the induction motor is smaller than the inverse of the synchronous frequency of the motor [29] , once generated during the transition process, the transient current component will last for several fundamental cycles with almost no attenuation. As a result, the current shock is produced.
In conclusion, the main cause of the current shock is the transient current component generated by an improper selection of the transition point position.
C. CAUSES OF THE TORQUE IMPACT
The electromagnetic torque of the induction motor is generated by the coupling function of the air gap flux linkage and rotor currents. In a synchronous frame aligned with the rotor flux, the torque can be written as [19] T e = n p L m L r i sq ψ r ,
where n p is the number of pole pairs, i sq represents the stator current q-axis components, and ψ r is the rotor flux linkage. Additionally,
where i sd represents the stator current d-axis components, T r is the rotor time constant and s is the Laplace operator. (11) shows that there is an effective low-pass filter between ψ r and i sd , whose cut-off frequency f c is related to the rotor time constant and has a very low value. When the motor operates in steady state, the frequency of the current harmonic components is usually higher than f c , so the rotor flux linkage hardly fluctuates, and the high-frequency components in the torque mainly arise from the stator current q-axis components. Assuming that the angle difference in the spatial position between the rotor flux linkage vector and stator voltage vector is δ, the angular velocity of the synchronous frame is ω s , and then the expression of the stator current q-axis components can be deduced through a coordinate transformation:
where i a , i b , and i c are the three-phase stator currents, which are written in Fourier series as
ϕ k is the impedance phase of the kth-order equivalent circuit and is close to 90 • when k ≥ 5 according to the previous analysis. Thus, (12) can be rewritten as i sq = −i 1 cos(δ + ϕ 1 )
During the steady-state operation of the motor, the torque is divided into two parts: a steady-state term, which corresponds to the dc component of i sq , and a pulsation term, whose frequency is a 6p (p is an arbitrary positive integer)-multiple of the fundamental frequency.
However, if lower-frequency harmonic currents are generated during the transition process, such as the transient current components mentioned in the last section, the amplitude of the rotor flux leakage will fluctuate greatly due to (12) and eventually couple with the shock current to produce a torque impact. That is, the low-frequency current component generated by the transition process not only causes the torque shock by itself but also changes the amplitude of the rotor flux linkage to further increase the torque shock.
In short, if the transition occurs at an inappropriate point, sudden changes in the harmonic voltages will generate transient components under the induction motor load, which will be superimposed on the steady-state component to produce current shocks. In addition, the low-frequency components in the current can cause changes in the rotor flux linkage. The stator current superimposed with the transient components interacts with the rotor flux linkage, which pulsates in amplitude to ultimately produce a torque impact whose peak is proportional to the second-order overcurrent peak. Therefore, the transient components in the current or changes in rotor flux linkage are causes of torque impacts.
IV. STRATEGY OF A SMOOTH TRANSITION
The basic principle and concrete scheme of a smooth transition for an induction motor are given in this section. A three-phase inverter circuit topology is used to explain the relationship between the output phase voltages of the inverter and the input phase voltages of the motor.
A. BASIC PRINCIPLE
The primary requirement for a smooth transition is the succession of the fundamental wave, including smooth changes in the phase and amplitude [6] , which can be realized by keeping the modulation wave and carrier continuous in phase. Second, harmonic changes should be considered. Since there is no transition point where sudden changes in all orders of the harmonics can be completely eliminated, the suppression of current shocks can be achieved by restricting the amplitude of the transient component,
According to the analysis in section II, the 6p±1th-order harmonics are the main components that need attention. With the equivalent circuit impedance phase arctg(kω s L/R) ≈ π/2, the transition point can be solved as:
Therefore, when the transition occurs at 90 • or 270 • of the phase voltage, few transient components will be generated during the transition process between different PWM modes. However, for a three-phase AC power system, there is a 120 • phase difference between any two-phase fundamental and 6p±1th-order voltage harmonics. Thus, there is no transition point, which makes the three-phase voltages satisfy (16) at the same time. In this case, it should be determined whether it is possible to switch the PWM mode separately at the specified angles of each phase.
Considering induction motors as an isolated neutral load and a balanced three-phase load, the relationship between the inverter output phase voltages V a,b,co and the motor input phase voltages V a,b,cn can be written as: When the PWM mode is switched separately, during the transition process, the PWM mode of the switching phase is different from the modes of the other two phases, and the output harmonics in that phase are also different. In this situation, the components of the variation (5) in the output voltage of the switching phase will be distributed to the three-phase motor input phase voltages at a fixed ratio:
where U 1 is the kth-order harmonic component of the variation in the motor input phase voltage of the switching phase, and U 2,3 corresponds to the components of the other two phases.
Another change that needs to be emphasized when switching separately is that triple subharmonics reappear in the motor phase voltages.
During the switching process, the 3rd-order harmonics in the three phases remain at a consistent phase angle, but the amplitude of the 3rd-order harmonic in the inverter output voltages of each phase may be different; the same is true for the 3lth-order (l = 1, 3, 5 . . .) harmonics. The difference in the amplitudes of the 3rd-order harmonics among the inverter output phase voltages causes the 3rd-order harmonic to reappear in the motor phase voltage. In short, when the PWM mode is switched separately, a series of voltage harmonics including the 3rd-order harmonic will be introduced into the three-phase phase motor voltage each time the PWM mode is switched. The expressions of the voltage harmonics can be deduced as (18) , where k = 3l or 6p±1. According to the previous discussion, few transient components will be generated by (18) when transitioning at (16) . However, unlike other harmonics, the 3rd-order harmonic stability component will be decomposed into double and quadruple frequency rotation vectors in the synchronous frame [19] . The double frequency component of the stator current has a lower frequency than the inverse of the rotor time constant T r , and will cause an unexpected change in the rotor flux linkage and eventually generate a torque shock. Therefore, the separate-switch algorithm is not applicable to situations where the 3rdorder harmonic changes substantially before and after the transition.
To realize a smooth transition between synchronous SVPWM and 9-SHEPWM for all modulation indices, it is necessary to find the most suitable point where the shock caused by the simultaneous switching of the three-phase PWM modes is minimized. The sum of the absolute values of the transient current components when switched simultaneously is written as
To obtain the minimum value of the formula, the switching angle can be determined as In summary, the 3rd-order harmonic is the key factor in determining whether a separate switching algorithm can be used. If the change in the 3rd-order harmonic amplitude is small, the PWM modes should be switched separately. Otherwise, the PWM modes should be switched simultaneously at (21) to minimize the current shock.
B. CONCRETE SCHEME
The control system used in this paper is based on the digital signal processor (DSP)-FPGA framework, as shown in Fig. 11 . Based on this control system, the concrete scheme that is employed to achieve a smooth transition is described as 1) When transitioning between synchronous SPWM and asynchronous SPWM, the modulation frequency can be set as the only transition signal because of the wide range of the modulation index in the two PWM modes. The transition frequency should be 500/15=33 Hz, and the modulation wave and the carrier should both be kept continuously in phase. 2) When transitioning between 3-SHEPWM and squarewave modulation, the modulation index can be set as the only transition signal because of the low switching frequencies of the IGBTs in the two PWM modes. The transition index should be close to 1, and a hysteresis loop must be adopted to prevent the system from cycling continuously between two different modulation modes. 3) When transitioning between synchronous SPWM and 9-SHEPWM, since the modulation depth and frequency at the transition point may be uncertain, the PWM modes should be switched simultaneously at 90 • or 270 • of any phase voltage to minimize the current shock. 4) When transitioning between different SHEPWMs, since the amplitude of the 3rd-order harmonic exhibits almost no change during the transition process, the algorithm in which the three-phase PWM modes are switched separately at 90 • or 270 • of each phase voltage is the best choice to eliminate the torque and current shock.
V. SIMULATION AND EXPERIMENTAL VALIDATION A. SIMULATION VALIDATION
MATLAB/Simulink is chosen to validate the correctness of the analysis and the feasibility of the scheme. The induction motor parameters used in the simulation and experiment are shown in Tab. 3. Several typical results are analyzed. Fig. 13 shows the waveforms of the A-phase voltage, A-phase current and motor torque during the transition between synchronous SPWM and 9-SHEPWM. A significant torque shock occurs when the modes are switched separately, and the current is distorted at the same time. When the switching process is finished, the distortion of the torque and current disappears immediately. This phenomenon can prove that the impact of the torque is not caused by the transient component of the current. In addition, the simultaneous-switching algorithm does not cause a torque impact and current shock. Fig. 14 shows the waveforms of the A-phase voltage, A-phase current and motor torque during the transition between 7-SHEPWM and 5-SHEPWM. When the PWM modes are switched simultaneously, transient components appear in the current, shift the envelope of the current, lead to torque shocks and remain for several cycles. When the modes are switched separately, the torque transitions into another steady state directly, and the current is slightly distorted due to the small difference in the 3rd-order harmonic and is immediately restored once the transition is finished.
The simulation results when switching between other modes are consistent with the previous analysis and are omitted. The simulation results show that the proposed transition strategy is applicable to various operating conditions of the induction motor.
B. EXPERIMENTAL VALIDATION
A 160-kW induction motor experimental platform is adopted to validate the theory, as shown in Fig. 15 .
The first experiment verifies the effects of the 3rd-order harmonic during the transition. The experimental results are shown in Fig. 16 , where the PWM modes are switched separately when the modulation index m = 0.65 ( Fig. 16 a) or m = 0.81 ( Fig. 16 b) . For different modulation indices, the amplitude difference of the 3rd-order harmonic is different, as shown in Fig. 10 . It can be seen that switching the PWM modes separately when the amplitude of the 3rd-order harmonic changes appreciably will cause a large torque shock (Fig. 16 a) . When the conditions are different, the result is reversed (Fig. 16 b) . The experiment proves that the argument regarding the 3rd-order harmonic is correct.
The second experiment verifies the suitability of the proposed switch angle. The experiments choose 240 • of the Aphase voltage and 330 • of the A-phase voltage to switch the three-phase PWM modes simultaneously, as shown in Fig.  17 . When the modulation mode is switched at 90 • of the Cphase voltage, a smooth transition can be achieved ( Fig. 17 b) . Switching at other phases may cause a large current shock and a torque impact (Fig. 17 a) . Experiments have shown that switching at a proposed angle can indeed suppress the shock in the current and torque.
The third experiment considers a representative case of switching between SHEPWMs. The voltage, current and torque waveforms are shown in Fig. 18 . The conclusion is the same as the simulation result and is not described. Fig. 19 shows the phase voltage, current and torque waveforms of the induction motor under acceleration and deceleration conditions. The boundaries between asynchronous SPWM and synchronous SPWM and the boundaries between 3-SHEPWM and square-wave modulation are not clear, so asynchronous PWM and square-wave modulation are not identified in the figure. Another situation that needs to be explained is that when the motor is running in the high-speed regime, the dc voltage will be increased through the four-quadrant converter, which can be seen from the voltage waveform; meanwhile, the modulation mode will be switched. Fig. 20 shows the detailed current waveforms when transitioning between different PWM modes under acceleration conditions and the current harmonic spectrum results of different SHEPWMs. The experimental results show that the strategy proposed in this paper can ensure a smooth transition of the modulation mode at full speed.
VI. CONCLUSION
This paper proposes a strategy to realize a smooth transition in a hybrid PWM scheme for induction motor control. A T-shape equivalent circuit of the IM and a dynamic model in the dq-axis synchronous frame are adopted to explain the cause of the current shock and torque impact. Accordingly, the basic principle of a smooth transition between the PWM modes is presented. Then, the specific implementation principles for the hybrid PWM scheme used in this paper are described. Finally, simulations and experiments prove that a smooth transition can be realized by using the switching strategy proposed in this paper.
